The inability to form a stalk appears to be directly due to the cessation of phospholipid synthesis, whereas the inhibition of flagella formation and cell division is likely a result of the secondary effect on DNA replication. Two cell cycle events, the ejection of the flagellum and stalk initiation, were shown to be independent of phospholipid synthesis and DNA replication.
Many cellular changes which occur during the cell cycle of Caulobacter crescentus involve the cell membrane, including cell division and the formation of surface organelles such as stalk, flagella and pili. These changes at the cell surface occur at defined sites and this spatial restriction seems to be rigorously controlled (Newton et al., 1975; Shapiro, 1976; Agabian et al., 1979) . It is therefore likely that membrane biogenesis is an integral component of the regulatory network that controls both the temporal and spatial expression of surface morphogenesis.
We have addressed the question of whether a specific relationship exists between membrane synthesis and the expression of cell cycle events by analyzing membrane phospholipid synthesis in C. crescentus.
The composition of the membrane phospholipids in C. crescentus is relatively simple; 87% of the phospholipids are phosphatidylglycerol and cardiolipin (Contreras et al., 1978; Jones & Smith, 1979) . We have shown that the pattern of phospholipid synthesis varies during the cell cycle: the turnover rate of phosphatidylglycerol precursors is markedly different in swarmer and stalked cells (Mansour et al., 1980) . Furthermore, three additional minor phospholipids can be detected in swarmer cells. In order to facilitate the analysis of phospholipid biosynthesis and its relationship to the expression of cell cycle events, we have isolated mutants of C. crescentus altered in biosynthetic sn-glycerol-3-phosphate dehydrogenase activity which are dependent on exogenous glycerol for phospholipid biosynthesis (Contreras et al., 1979) . In this report we manipulate phospholipid synthesis both by glycerol deprivation of the glycerol auxotroph and by treatment of mutant and wild-type cells with the antibiotic cerulenin. Cerulenin has been shown to inhibit phospholipid synthesis by specifically blocking ,tLketoacylthioester synthetase activity (D'Agnolo et al., 1973; Goldberg et al., 1973) . Using these techniques to inhibit phospholipid synthesis we show here that DNA synthesis in Caulobacter is dependent on net phospholipid synthesis. We also observed that specific cell cycle events were blocked when net phospholipid synthesis was terminated.
Since it has been demonstrated ET AL, that DNA synthesis is necessary for flagellum biogenesis and the initiation of the cell division pathway in C. crescentus (Degnan & Newton, 19723; Newton et al., 1975; , it is likely that the inhibition of DNA synthesis caused by the termination of phospholipid synthesis is reponsible for the subsequent inhibition of certain cell cycle-dependent events. Two cell cycle events, the ejection of the flagellum and the initiation of stalk formation, however, appear to be independent of phospholipid synthesis.
(a) The e#ect of the inhibition of phospholipid synthesis on DNA and RNA synthesis Phospholipid synthesis in C. crescentus was inhibited by two independent means; by glycerol starvation of a glycerol auxotrnph and by treatment of cell cultures with the antibiotic cerulenin. The glycerol auxotroph AE5168 was grown either in the presence or in the absence of glycerol (Fig. l(a) ). The requirement for glycerol by strain AE5168 was previously shown to be due to its very low levels of the biosynthetic sn-glycerol-3-phosphate dehydrogenase (Contreras et al., 1979) . The net synthesis of phospholipids in this mutant ceased immediately after glycerol deprivation ( Fig. 1 ; Contreras et al., 1979) . When the glycerol auxotroph was deprived of glycerol and phospholipid synthesis terminated, net RNA synthesis continued for at least the equivalent of one generation (240 min). The net synthesis of DNA, however, ceased as early as one-eighth of a generation time after glycerol deprivation, suggesting that inhibition of DNA synthesis occurred before a round of DNA replication was completed ( Fig. l(a) ). In revertant strain AE5171, net DNA synthesis in the absence of glycerol was indistinguishable from that observed in the mutant AE5168 grown in the presence of glycerol. DNA and RNA synthesis were then measured in cerulenin-treated cultures in order to determine if the inhibition of DNA replication observed upon glycerol starvation of mutant AE5168 was a response to the cessation of phospholipid synthesis or reflected some other alteration in a metabolic function specific for this mutant. The antibiotic cerulenin has been shown to inhibit phospholipid synthesis by blocking fatty acid synthesis (Omura, 1976). Figure l(b) shows that upon inhibition of net phospholipid synthesis with cerulenin, net DNA synthesis was terminated, whereas RNA synthesis continued for 80 minutes before stopping. Identical results were obtained both with strain AE5168 grown in the presence of glycerol and with the parent strain AE5091. Similar studies in other bacteria have shown that following the addition of cerulenin and the consequent inhibition of phospholipid synthesis, the rate of RNA synthesis declined, but the rate of DNA synthesis remained unaffected (Wille et al., 1975) or decreased a maximum of 25% (Goldberg et al., 1973) .
Since the inhibition of phospholipid synthesis in C. crescentus appeared to result in the cessation of DNA replication, we analyzed the ability of C. crescentus to synthesize phospholipids under conditions in which DNA synthesis was specifically inhibited.
Accordingly, net phospholipid synthesis was measured in the temperaturesensitive DNA chain elongation mutant PC1042 phospholipid synthesis is not dependent on DNA replication, but that phospholipid synthesis is necessary for DNA replication.
(b) Effect of the inhibition of phospholipid synthesis on the progress thrmgh the cell cycle A striking consequence of the termination of phospholipid synthesis in either the glycerol auxotroph or in cerulenin-treated cultures was the early loss of motility. We therefore investigated this reponse both with respect to the distribution of cell types and the synthesis of specific temporally regulated proteins.
In order to determine if log phase cultures were blocked at a specific stage in the cell cycle upon the termination of phospholipid synthesis, the glycerol auxotroph AE5168 was grown in the presence or absence of glycerol and examined in the electron microscope. The relative proportion of the various cell types, shown schematically in Figure 2 , was determined by analyzing micrographs of sever1 hundred cells grown in the presence or absence of glycerol (Table 1) . A revertant, AE.5171 (Contreras et al., 1979) grown in the absence of glycerol, was also analyzed in this manner. The proportion of the cell types in cultures of the mutant AE5168 grown in the presence of glycerol or of the revertant AE5171 grown in the absence of glycerol agreed with the normal distribution of C. crescentus cells recently determined by R. Tax (Osley & Newton, 1978 for glycerol (Table 1 ). The observation that the proportion of cells with short stalks was equivalent to the proportion of the total cell population normally occupied by swarmer cells indicates that upon termination of phospholipicl synthesis the existing swarmer cells shed their flagella, initiated stalk formation, but stalk elongation failed to occur. Predivisional cells with short stalks were never observed, suggesting that cells which reached the "short stalk" stage (see Fig. 2 ) did not proceed any further in the cell cycle. To test this hypothesis, swarmer cells were isolated (Lagenaur et d., 1977) from log phase cultures of AE5168 and then synchronous growth in the presence and absence of glycerol was monitored in the electron microscope (Fig. 3) . Both stalked cells and preclivisional cells were observed in the glycerol-supplemented culture. In the absence of glycerol, however, 98% of the swarmer cells had shed their flagella and accumulated at the short-stalked cell stage, confirming that glycerol deprivation allowed stalk initiation but prevented stalk elongation. We have recently observed that continued phospholipid synthesis, but not DNA synthesis, is required for stalk elongation.
Viable count measurements and cell number determined in a Coulter counter (Osley & Mansour, unpublished results) indicated that another stage in the cell cycle blocked by both glycerol deprivation and treatment with cerulenin was cell division. Since it was observed that the inhibition of phospholipicl synthesis resulted in the termination of net DNA synthesis (see Fig. l ), the concomitant inhibition of cell division is in keeping with the dependency of cell division on DNA replication demonstrated by Degnan & Newton (19723) . Since it has been demonstrated that flagellin synthesis is dependent on DNA replication in C. crescentus , we questioned whether the loss of flagella following the cessation of phospholipicl synthesis was due to a block in the synthesis of flagellum protein components, or to a block in the assembly of the tlagellar structure.
The inability to form the flagella structure was not due to a generalized effect on protein synthesis, since we have shown that protein synthesis continues for at least four hours after the termination of phospholipid synthesis (Contreras etal., 1979) .
It has been demonstrated that the components of the flagellar structure, flagellin A, flagellin B, and hook protein, are synthesized just prior to their assembly on the predivisional cell (Shapiro & Maizel, 1973 ; Lagenaur $ Agabian, 1978 ; Agabian et aZ., 1979; . The synthesis of these components was analyzed during the inhibition pf phospholipid synthesis by preparing immunoprecipitates of labeled cell extracts with specific antibody at various times after glycerol deprivation of the mutant AE5168. Anti-flagellin antibody and antihook protein antibody were used in two separate experiments and it was observed that the synthesis of flagellin A, dagellin B, and the hook protein, respectively, was inhibited as early as one hour after glycerol deprivation.
Under these same conditions of glycerol deprivation, mutant AE5168 was pbserved to continue synthesizing other proteins.
For example, autoradiograms of proteins precipitated with anti-RNA polymerase antibody and separated by gel electrophoresis showed that the &3'0 and a subunits continued to be synthesized four hours after removal of glycerol from mutant cultures. It appears therefore that the absence of flagella observed in cultures deprived of glycerol was due to the specific inhibition of synthesis of the flagellar protein components and is likely due to the inhibition of DNA replication soon after the removal of glycerol.
We have shown in this report that upon termination of phospholipid synthesis in C. crescentus either by glycerol deprivation of a glycerol auxotroph or by treatment with the antibiotic cerulenin, an immediate effect is the inhibition of DNA synthesis, while RNA and protein synthesis continue. Measurement of net DNA synthesis after the termination of phospholipid synthesis in exponentially growing cultures showed that DNA chain elongation, rather than the initiation of DNA replication, was inhibited.
Using Osley and Newton's temperature-sensitive DNA chain elongation mutant PC1042, we observed that the inhibition of DNA synthesis did not cause the termination of phospholipid synthesis. It therefore appears that while DNA synthesis is dependent on phospholipid synthesis the reverse is not true. The termination of phospholipid synthesis also resulted in the inhibition of stalk elongation, flagellum biogenesis and cell division, Although the inability to form a stalk under these conditions appears to be directly due to the inhibition of phospholipid synthesis, the inhibition of both fIagellum formation and cell division are likely a result of the secondary termination of DNA replication. The mechanism by which ongoing phospholipid synthesis could interact with the multiple factors involved in DNA initiation and elongation in Caulobacter is not known. Thilo & Vielmetter (1976) have provided evidence that DNA replication in Escherichia coli is independent of membrane lipid composition as well as the extent of membrane fluidity. Although it appears likely that lipids are randomly inserted into the bacterial membrane and quickly diffuse (Thilo & Vielmetter, 1976; Thilo & Overath, 1976) , biochemical parameters related to the synthesis of these cell components may in fact provide a means of "cogwheeling" the two phenomena. For example, a phospholipid precursor available only during active phospholipid synthesis may act as a cofactor for DNA elongation in C. crescentus. We have shown that although the overall phospholipid composition of the C. crescentus cell membrane remains essentially unchanged after the inhibition of phospholipid synthesis (Contreras et al., 1979) , the pattern of precursor synthesis and turnover is markedly different in swarmer cells and stalked cells (Mansour et al., 1980) . This observation is particularly pertinent, since DNA replication has been shown to be specifically repressed in C. crescentus swarmer cells but not stalked cells (Degnan & Newton, 1972a) . Experiments are currently in progress to discriminate between a diffusable cofactor and a physical interaction between membrane and replicating chromosome by determining whether the termination of phospholipid synthesis affects the replication of a foreign phage or plasmid DNA under conditions where chromosomal replication is shown to be inhibited.
The inhibition of DNA synthesis in C. crescentus upon the cessation of membrane phospholipid synthesis is so rapid as to suggest that it reflects an early step in this pathway. One candidate for this altered early step might be damage to a replication ,400 x Bacterial preparations were negatively stained with 1% (w/v) phosphotungstic acid using the procedure described previously (Shapiro & Maizel, 1973 ).
ET AL.
complex which perhaps requires ongoing membrane synthesis for its integrity. A physical interaction between the membrane and the replicating chromosome, although difficult either to define or demonstrate, is particularly attractive as a mechanism to regulate the rigorous polarity exhibited by C. crescentus. The flagellum is assembled at the cell pole from protein components which are synthesized at specific times in the cell cycle and then sent through a specific site in the cell membrane. DNA replication has been shown to be required for flagellin synthesis . Perhaps the replicating chromosome, localized at the cell pole, signals flagellin synthesis at the time that the flagellin gene is replicated, and the localized product is then available at the correct site on the membrane for assembly into the fl.agellar structure. Recently, 
